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The pathogenic lifecycle of obligate intracellular bacteria presents a superb opportunity to develop 
understanding of the interaction between the bacteria and host under the pretext that disruption 
of these processes will likely lead to death of the pathogen and prevention of associated disease. 
Species of the genus Rickettsia contain some of the most hazardous of the obligate intracellular 
bacteria, including Rickettsia rickettsii and R. conorii the causative agents of Rocky Mountain and 
Mediterranean spotted fevers, respectively. Spotted fever group Rickettsia species commonly 
invade and thrive within cells of the host circulatory system whereby the endothelial cells are 
severely perturbed. The subsequent disruption of circulatory continuity results in much of the 
severe morbidity and mortality associated with these diseases, including macropapular dermal 
rash, interstitial pneumonia, acute renal failure, pulmonary edema, and other multisystem 
manifestations.  This review describes current knowledge of the essential pathogenic processes 
of adherence to and invasion of host cells, efforts to disrupt these processes, and potential for 
disease prevention through vaccination with recently identified bacterial adherence and invasion 
proteins. A more complete understanding of these bacterial proteins will provide an opportunity 
for prevention and treatment of spotted fever group Rickettsia infections.
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Symptoms from rickettsial disease manifest 2–14 days following 
inoculation by an infected ixodid tick. Early indications of infection 
are unremarkable and include headache, fever, and malaise. Soon 
after the tick bite, localized replication of rickettsiae at the inocula-
tion site and ensuing tissue damage may give rise to a necrotic lesion, 
or eschar. Damage to the vascular endothelium and infiltration of 
perivascular mononuclear cells leads to fluid leakage into the intersti-
tial space resulting in a dermal rash in 90% of cases. Endothelial cells 
are the main targets during rickettsial infection. Bacterial replication 
within the endothelial tissues and subsequent damage to the integrity 
of the vasculature leads to complications such as encephalitis, non-
cardiogenic pulmonary edema, interstitial pneumonia, hypovolemia, 
hypotensive shock, and acute renal failure (Walker et al., 1994).
The TG rickettsiae include R. prowazekii, the etiologic agent 
of epidemic typhus, and R. typhi, the causative agent of murine 
typhus. Epidemic typhus outbreaks have been documented in dis-
parate global communities (Bise and Coninx, 1997; Raoult et al., 
1997, 1998), thriving in areas of poor sanitation and hygiene. TG 
rickettsiae are normally and stably transmitted through the excre-
ment of human body lice and are inoculated into abraded skin by 
scratching. Early signs of infection are characterized by headaches, 
fever, delirium, and rash. Delayed or inappropriate treatment can 
result in mortality rates ranging from 10 to 60%. Unlike SFG rick-
ettsial diseases, R. prowazekii can cause latent infections, where 
recurrence results in Brill–Zinsser disease, a less severe but chronic 
R. prowazekii infection that can be transmitted to feeding lice, thus 
fueling epidemics.
Rickettsia species are obligate intracellular bacteria and as such 
have evolved to take full advantage of the nutrient and energy-rich 
environment of the cytosol of host cells. In doing so, they have 
IntroductIon
The Gram-negative α-proteobacteria of the genus Rickettsia are 
small (0.3–0.5 × 0.8–1.0 μm), obligate intracellular organisms. 
They are categorized into two major groups, the spotted fever 
group (SFG) and typhus group (TG), which can be distinguished 
by antigenicity and intracellular actin-based motility. Members of 
this genus are responsible for severe human diseases and several 
species including Rickettsia rickettsii, R. prowazekii, and R. typhi, 
have been classified as Category B and C Priority Pathogens by the 
National Institute of Allergy and Infectious Diseases (NIAID) and 
as Select Agents (R. rickettsii and R. prowazekii) by the Centers for 
Disease Control and Prevention (CDC) for their potential use as 
tools for biological terrorism.
Spotted fever group rickettsiae including R. rickettsii (Rocky 
Mountain spotted fever, RMSF) and R. conorii (Mediterranean 
spotted  fever,  MSF)  are  pathogenic  organisms  transmitted  to 
humans through tick salivary contents during the blood meal. 
RMSF is one of the most severe SFG rickettsioses in the western 
hemisphere, causing severe morbidity and up to 20% mortality 
in the absence of timely and appropriate antibiotic treatment 
(Walker, 1989). MSF, endemic to southern Europe, North Africa 
and India, has previously been characterized as a milder rick-
ettsiosis in humans, with 2–3% mortality; however, in light of 
improved molecular diagnostic tools, recent accumulating evi-
dence has unveiled that MSF exhibits an expansive geographic 
distribution, now including central Europe and central and south-
ern Africa, and increased disease severity commensurate to RMSF, 
with mortality rates reported as high as 32% in Portugal in 1997 
(de Sousa et al., 2003). This raises concern over the challenges 
posed by R. conorii infection.
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invasion illustrated the involvement of the small GTP-binding 
protein, Cdc42, and the actin nucleating complex, Arp2/3, in the 
invasion process (Martinez and Cossart, 2004). These proteins 
are required for rickettsial entry and localize to the sites of R. 
conorii invasion as revealed by immunofluorescence microscopy. 
Specific perturbation of these players, for example, inhibition of 
Arp2/3 function by transfection of the WASP family member, Scar, 
or Cdc42 through transfection of a dominant-negative variant, 
diminishes rickettsial invasion. The GTPase activity governing the 
actin cytoskeletal rearrangements was seen to be specific for Cdc42, 
as similar inhibition of Rac1 had no effect on the efficiency of 
R. conorii invasion. Pharmacological inhibition of pathways that 
both directly and indirectly modulate the activities of Cdc42 and 
Arp2/3 showed that actin polymerization, PI 3-kinases, phospho-
tyrosine kinase (PTK) activities and the activity of a specific PTK, 
c-Src, contribute to R. conorii invasion of non-phagocytic mamma-
lian cells (Martinez and Cossart, 2004). Examination of c-Src and 
one of its downstream effectors, cortactin, by immunofluorescence 
microscopy showed that both are also recruited to sites of rickettsial 
internalization, highlighting the importance of these proteins to the 
entry process (Martinez and Cossart, 2004). In addition, R. conorii 
invasion coincides with the tyrosine phosphorylation of several 
host proteins including focal adhesion kinase (FAK) (Martinez and 
Cossart, 2004), a protein involved in cytoskeletal reorganization 
and in the invasion of other “zippering” pathogens (Persson et al., 
1997; Martinez et al., 2000). Together, these findings indicate that 
signaling events from these various components are likely coor-
dinated to ultimately activate Arp2/3, thus instigating localized 
actin recruitment around the invading bacteria. While these studies 
provide insight into the signaling events involved in stimulating 
R. conorii entry of non-phagocytic mammalian cells, until recently, 
little was known about the identity of the rickettsial proteins and 
cellular receptors and their interplay at the extracellular interfaces 
that govern the induction of these pathways.
IdentIfIcatIon of a R. conoRii host cell receptor
In an effort to identify putative host cell receptors involved in rick-
ettsial entry, whole, intact R. conorii were used as an affinity matrix 
to identify interacting mammalian host cell proteins (Martinez 
et al., 2005). This investigation led to the identification of host Ku70 
as one of several cellular proteins that specifically interact with 
purified R. conorii and not other invasive pathogens. Ku70’s role as 
a receptor for rickettsial entry was initially highlighted by immun-
ofluorescence microscopy, which demonstrated co-  localization of 
plasma membrane Ku70 with invading bacteria (Martinez et al., 
2005).  Further,  pre-incubation  of  cells  with  antibody  directed 
against a surface-exposed, extracellular epitope of Ku70 reduces 
R. conorii entry into mammalian cells, suggesting interaction of 
rickettsiae with this protein is important for stimulating bacterial 
internalization. An analysis of R. conorii invasion in cells either defi-
cient (Ku70−/− murine embryonic fibroblasts) or siRNA-depleted of 
Ku70 reveal that invasion into these cells is perturbed at least 50% 
compared to controls (Martinez et al., 2005), indicating that the 
presence of cellular Ku70 is important for the rickettsial entry proc-
ess. Interestingly, cells lacking Ku70 are not completely impervious 
to infection by R. conorii, implying that additional host proteins are 
likely utilized in rickettsial invasion (Martinez et al., 2005).
undergone reductive evolution, discarding many of their own genes 
necessary for metabolite synthesis. Their succinct genome has made 
them completely dependent on the intracellular environment of the 
mammalian host cell for growth and survival. During an infection, 
rickettsial pathogenesis depends initially on the bacteria’s ability 
to attach to and invade the host’s cells. This requires successful 
recognition and interaction with specific cellular receptors, and is 
thought to be dependent on the presence of heat-labile proteins on 
the rickettsial surface (Li and Walker, 1992). While Rickettsia pri-
marily infect the host endothelium, in vitro they are seen to adhere 
to and invade diverse types of mammalian cells (Cohn et al., 1959; 
Ramm and Winkler, 1973; Winkler, 1974, 1977; Winkler and Ramm, 
1975; Stork and Wisseman, 1976; Wisseman et al., 1976; Walker and 
Winkler, 1978; Rikihisa and Ito, 1979; Turco and Winkler, 1982; 
Walker, 1984; Teysseire et al., 1995), in a mechanism requiring host 
membrane cholesterol (Ramm and Winkler, 1976; Martinez and 
Cossart, 2004). This review addresses current knowledge of SFG 
Rickettsia adherence to and invasion of host cells, with particular 
emphasis on the host signaling mechanisms induced by the bacteria, 
the bacterial proteins that mediate these processes, and efforts to 
utilize these rickettsial proteins in vaccination.
Rickettsia InvasIon
Intracellular bacterial pathogens have been shown to facilitate their 
entry into non-phagocytic host cells by either of two mechanisti-
cally and morphologically distinct means: the “zipper” or “trigger” 
mechanisms (reviewed in Alonso and Garcia-del Portillo, 2004). 
The zipper invasion mechanism is a receptor-mediated invasion 
strategy, whereby a bacterial protein induces host intracellular sig-
naling through extracellular stimulation of a membrane receptor. 
These signals modulate local host cytoskeletal rearrangements and 
recruitment of endocytic machinery at the site of interaction, cul-
minating in membrane “zippering” around the pathogen (Cossart, 
2004). Hallmark examples of this are seen in Listeria monocytogenes 
with InlA and InlB, and Yersinia pseudotuberculosis YadA and inva-
sin (Mengaud et al., 1996; Wong and Isberg, 2003; Alonso and 
Garcia-del Portillo, 2004; Veiga and Cossart, 2005, 2007). In con-
trast, the “trigger” mechanism relies on Type III secretion system 
(TTSS)-mediated delivery of bacterial effectors into the host cell 
to modulate cellular GTPases and give rise to dramatic actin and 
membrane rearrangements (Alonso and Garcia-del Portillo, 2004). 
Genome analyses of sequenced strains of the genus Rickettsia show 
the absence of genes encoding for components of the TTSS, sug-
gesting that rickettsial species likely induce their internalization into 
non-phagocytic mammalian cells by a mechanism independent 
of this secretion machinery. Interestingly, transmission electron 
micrographs of R. conorii entry illustrate that, like L. monocytogenes, 
rickettsial invasion is characterized by intimate localized rearrange-
ment of cellular plasma membrane around the bacteria morpho-
logically resembling a zipper-induced entry mechanism (Teysseire 
et al., 1995; Gouin et al., 1999).
Numerous detailed analyses of invasion into non-phagocytic 
mammalian cells have demonstrated that host actin polymeriza-
tion plays a critical role during the induced entry of rickettsial 
species (Walker and Winkler, 1978; Walker, 1984; Gouin et al., 1999; 
Martinez and Cossart, 2004). An initial examination of proteins 
directly involved in modulating actin dynamics during R. conorii www.frontiersin.org  December 2010  | Volume 1  | Article 139  |  3
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  products resemble autotransporter proteins, many of which are 
known virulence factors in Gram-negative bacteria (Henderson and 
Lam, 2001; Jacob-Dubuisson et al., 2004; Blanc et al., 2005). These 
proteins have modular structures, including an N-terminal signal 
peptide, a central passenger domain, and a C-terminal transloca-
tion module (β-peptide). Following translation, these proteins are 
secreted across the inner membrane using information encoded 
in the N-terminal signal sequence. The C-terminal domain then 
inserts into the outer membrane to form a β-barrel-rich trans-
membrane pore believed to serve in the secretion of the passenger 
domain into the extracellular milieu (Jacob-Dubuisson et al., 2004; 
Figure 1). While a significant amount of degradation of genes in 
the sca family has occurred in many phylogenetically related and 
divergent rickettsial species, five genes, namely sca0 (rompA), sca1, 
sca2, sca4, and sca5 (rompB) are highly conserved among the major-
ity of SFG rickettsiae (Roux and Raoult, 2000; Blanc et al., 2005); 
the evolutionary maintenance of these genes suggests they may 
exhibit a functional role in rickettsial pathogenesis. Thus, a great 
deal of emphasis has been put forth to determine the contribution 
of these gene products in rickettsial host cell interactions.
Rickettsia surface cell antIgens
rompB (sca5)
rOmpB is evolutionarily conserved amongst all known rickettsial 
species, and is present in both SFG and TG rickettsia. Originally 
referred  to  as  SpaP,  SPA,  or  p120,  its  persistent  and  current 
  nomenclature  is  rOmpB  protein  encoded  by  the  rompB  gene. 
Ku70  is  ubiquitously  expressed  in  mammalian  cells  and  is 
generally localized to the nucleus and cytoplasm (Muller et al., 
2005). Expression of Ku70 at the plasma membrane is restricted 
to specific cell types including endothelial cells, monocytes and 
macrophages, which are the main target cells during rickettsial 
infection in vivo, and cultured tumor cell lines such as HeLa and 
Vero (Muller et al., 2005), both commonly utilized to culture 
Rickettsia in vitro (Martinez and Cossart, 2004; Ammerman et al., 
2008). Because Ku70 lacks the canonical signal sequence that typi-
cally directs plasma membrane-destined polypeptides through the 
endoplasmic reticulum/golgi secretory pathway, its presentation in 
the extracellular environment was baffling. Recent studies examin-
ing induced Ku70 plasma membrane display in monocytes have 
shown that Ku70 is transported via a non-classical vesicle secre-
tion mechanism (Paupert et al., 2007). Here, cytoplasmic Ku70 
is gathered into membrane-bound vesicles and trafficked in the 
cytoplasm along the actin cytoskeleton for secretion and display 
at the plasma membrane. Biochemical fractionations of mamma-
lian cells have shown that plasma membrane-associated Ku70 is 
present in cholesterol-rich, detergent-resistant microdomains or 
“lipid-rafts” (Martinez et al., 2005), and that depletion of choles-
terol from HeLa or Vero cells by methyl-β-cyclodextrin disrupts 
the integrity of these microdomains and prevents rickettsial entry 
(Martinez et al., 2005). While these studies illustrate the presence 
of Ku70 at the plasma membrane, and its integral role in rickettsial 
invasion, the exact topology of the protein is unknown and is cur-
rently under investigation.
Attachment of invasive pathogens to host cell receptors com-
monly leads to receptor modification and subsequent endocytic 
signaling that enable bacterial entry (Su et al., 1999; Eto et al., 2007; 
Veiga and Cossart, 2007). Examination of the modification status 
of Ku70 consequent to rickettsial infection reveal that upon bacte-
rial attachment, Ku70 is ubiquitinated by c-Cbl, an E3 ubiquitin 
ligase, which by fluorescence microscopy is seen to localize to R. 
conorii entry foci (Martinez et al., 2005). Inhibition of endogenous 
c-Cbl expression by siRNA depletion effectively reduces rickettsial 
invasion and also prevents R. conorii-induced ubiquitination of 
Ku70, suggesting that c-Cbl modification of Ku70 may contribute 
to R. conorii entry (Martinez et al., 2005). Mechanistically this proc-
ess resembles L. monocytogenes InlB induction of c-Met receptor 
mono-ubiquitination, which is involved in subsequent clathrin-
dependent endocytosis (Veiga and Cossart, 2005). The morpho-
logical and mechanistic similarities shared amongst “zippering” 
pathogens would suggest that ubiquitin-modification of bacterial 
receptors may be a generalized strategy to recruit components of 
the endocytic machinery to entry foci (see below).
the rIckettsIal cell surface
Since rickettsial adherence and invasion are most likely mediated 
by components present on the surface of these bacteria, much 
research has focused on the identification and characterization 
of outer membrane-associated rickettsial proteins. Bioinformatic 
analyses of sequenced rickettsial genomes have identified fami-
lies of proteins that likely localize to the outer membrane and are 
therefore predicted to be involved in mediating interactions with 
target host cells. Of interest was the identification of a family of at 
least 17 different genes termed sca for surface cell antigens whose 
Figure 1 | Autotransporter protein structure and secretion. 
Autotransporter proteins have modular structures, including an N-terminal 
signal peptide (SP , red), a central passenger domain (green), and a C-terminal 
translocation module called a β-peptide (blue). Following translation, the 
polypeptide is secreted across the inner membrane (IM) through the Sec 
translocon into the periplasmic space using information encoded in the 
N-terminal signal sequence. Through an undefined mechanism, the β-peptide 
next inserts into the bacterial outer membrane (OM) to form a β-barrel-rich 
transmembrane pore for the secretion of the central passenger domain into 
the extracellular space. In the case of some proteins, such as rOmpB, the 
passenger domain is subsequently proteolyzed from the β-peptide portion of 
the protein, but may remain associated with the outer leaflet of the bacterial 
outer membrane.Frontiers in Microbiology  |  Cellular and Infection Microbiology    December 2010  | Volume 1  | Article 139  |  4
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that it is the cognate bacterial ligand for the host receptor Ku70. 
Mammalian cells depleted of Ku70 no longer support rOmpB-
mediated E. coli invasion, indicating that interaction of rOmpB 
and Ku70 are requisite to stimulate signals for bacterial uptake 
(Chan et al., 2009).
Mechanistic  interrogation  of  the  rOmpB–Ku70-mediated 
invasion process revealed that the interaction of these two pro-
teins is sufficient to recruit the actin cytoskeleton to the bacterial 
entry foci on the cell (Chan et al., 2009). This rOmpB-mediated 
process, resembling that observed during R. conorii invasion, is 
manifested through the activities of PTKs and PI 3-kinases, and 
dependent on the cellular microtubule infrastructure (Martinez 
and Cossart, 2004; Chan et al., 2009). Similar to findings by 
Martinez et al., and paralleling the entry mechanisms observed 
in R. conorii infection, rOmpB-induced invasion via Ku70 is 
dependent on c-Cbl ubiquitin ligase activity, suggesting c-Cbl 
may be a signaling molecule involved in commandeering host 
endocytic  pathways  (Martinez  and  Cossart,  2004; Veiga  and 
Cossart, 2005; Chan et al., 2009). Whether rOmpB is sufficient to 
mediate c-Cbl-dependent Ku70 ubiquitination during the entry 
process is not known. However, siRNA depletion of cellular play-
ers of endocytosis revealed that invasion through rOmpB is in 
part dependent on clathrin and caveolin-2 expression (Chan 
et al., 2009).
Electron microscopic analyses of rickettsiae have revealed the pres-
ence of a 7–16 nm monolayer of protein arranged in a tetragonal 
array attached externally to the outer membrane (Palmer et al., 
1974a,b; Popov and Ignatovich, 1976; Silverman and Wisseman, 
1978; Silverman et al., 1978). This proteinaceous layer consists of 
10–15% of total cellular protein and is composed of a diverse set of 
proteins, most predominantly rOmpB (Smith and Winkler, 1979; 
Dasch, 1981; Dasch et al., 1981; McDonald et al., 1988; Hechemy 
et al., 1989). Sequence analyses of rOmpB reveals a high level of 
conservation amongst diverse groups of rickettsiae (Blanc et al., 
2005), exhibiting 70–95% identity on the amino acid level (Table 1). 
This conservation is evidence of positive selection which is apparent 
not only in the β-barrel domain which is restricted by its known 
function, but also proceeds into the predicted passenger domain 
(Table 1). These areas of conservation suggest rOmpB serves a uni-
fied function in rickettsial pathogenesis. rOmpB is expressed as a 
pre-protein (168 kDa) and cleaved to release the passenger domain 
(120 kDa) from the β-barrel translocation domain (32 kDa), leav-
ing the mature 120-kDa domain associated with the outer leaflet of 
the outer membrane (Hackstadt et al., 1992). Interestingly, through 
affinity chromatography methods, Martinez et al. (2005) identified 
rOmpB as a bacterial ligand of the host receptor Ku70 suggesting 
that rOmpB–Ku70 serves as a bona fide adhesin-receptor pair in 
rickettsia-host cell interactions.
Recently, the roles of rOmpB in rickettsial pathogenesis, with 
regard to its contribution to bacterial adherence to and inva-
sion of host cells, have been examined. Investigation of rOmpB 
function from related SFG rickettsiae, R. conorii and R. japonica, 
through heterologous expression of these proteins in Escherichia 
coli have shown that rOmpB is an integral player in initiating 
bacterial infection of mammalian host cells. When expressed on 
normally inert E. coli, rOmpB is sufficient to facilitate bacterial 
adherence to and invasion of non-phagocytic cells (Uchiyama 
et al., 2006; Chan et al., 2009; Figure 2). A previous study exam-
ining R. conorii entry showed that host protein, Ku70, served as 
a receptor for rickettsial invasion and interacted with rOmpB 
(Martinez et al., 2005). Bacterial invasion mediated by rOmpB 
alleles from both R. conorii and R. japonica were demonstrated 
to be Ku70-dependent (Chan et al., 2009), suggesting not only 
that rOmpB is a rickettsial adhesion and invasion molecule, but 
Table 1 | rOmpB sequence identity amongst SFg Rickettsia and R. prowazekii.
Species  Protein name  Predicted  Protein  Passenger domain  β-Peptide 
   molecular weight (Da)  identity (%)1  identity (%)1,2  identity (%)1,2
R. conorii Malish7  Rc1085  168,342  –  –  –
R. rickettsii Sheila Smith  A1G_06030  168,172  93.6  92.5  98.7
R. massiliae MTU5  RMA_1118  166,873  90.5  89.3  95.7
R. japonica YM  AAF34116.1  167,938  90.9  89.4  97.0
R. africae ESF5  YP_002845564.1  168,157  96.6  95.9  99.7
R. australis Phillips  AAF34112.1  167,484  80.1  77.5  89.0
R. prowazekii MadridE  RP704  169,841  71.4  69.3  80.6
1Identity percentages based on R. conorii Malish7 rOmpB as determined by amino acid alignment performed in MacVector with ClustalW function and a gap penalty 
of 10.0.
2Amino acids conferring the β-peptide region were determined based on homology to protein family (PF) 03797 .
Figure 2 | rOmpB-mediated bacterial invasion. Pseudo-colored scanning 
electron micrographs of a rOmpB-expressing Escherichia coli (yellow) inducing 
host membrane rearrangements during infection of a mammalian HeLa 
cell (blue).www.frontiersin.org  December 2010  | Volume 1  | Article 139  |  5
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(Anderson et al., 1990). The molecular weight differences between 
the predicted and observed rOmpA might be due to aberrant mobil-
ity of the protein on SDS–PAGE; alternatively, these data suggest 
the intriguing possibility that rOmpA is proteolytically cleaved to 
release the passenger domain from an approximately 32–34 kDa 
beta-peptide translocon domain in the pre-protein, as has been 
observed for other autotransporters.
rOmpA has been shown to mediate rickettsial adherence (Li and 
Walker, 1998). Previously, monoclonal antibodies to R. rickettsii 
rOmpA  and  F(ab′)2  fragments  derived  from  these  antibodies 
have been demonstrated to inhibit the adhesion of rickettsiae to 
L-929 cells (Li and Walker, 1998). rOmpA extracted from intact 
R. rickettsii was further shown to be sufficient in competitively 
inhibiting attachment of R. rickettsii to these cells (Li and Walker, 
1998), implicating a role for rOmpA in rickettsial association to 
mammalian cells. Another analysis of rOmpA function demon-
strated that like rOmpB, rOmpA from R. conorii, when expressed 
at the outer membrane of E. coli, is sufficient not only to mediate 
bacterial adherence to but also invasion of cultured mammalian 
cells (Hillman and Martinez, unpublished observations). Together, 
these results suggest a critical role for rOmpA in mediating SFG 
Rickettsia-host cell interactions.
sca1
sca1 is present in nearly all sequenced Rickettsia genomes, with the 
exceptions of R. prowazekii and R. canadensis, where it is present 
as a pseudo-gene (Ngwamidiba et al., 2006). Like rOmpA and 
rOmpB, Sca1 possesses all of the hallmarks of a surface-exposed 
autotransporter (Blanc et al., 2005). While selective pressure has 
limited the diversity of particular regions of the N-terminal and 
the β-peptide portions, the overall size of Sca1 varies significantly, 
ranging from 594 to 1976 aa (Ngwamidiba et al., 2006; Riley et al., 
2010). However, the conservation of specific domains of Sca1 has 
led to the hypothesis that it serves universal functions amongst 
SFG Rickettsia.
Riley et al. (2010) demonstrated that Sca1 is expressed and 
present on the surface of R. conorii grown in mammalian cell cul-
ture. Flow cytometric analysis and immunofluorescence microscopy 
using a polyclonal antibody generated against the N- terminal por-
tion (29–327 aa) of Sca1 provided evidence for surface   localization 
The specificity and physiological significance of rOmpB in its 
role in bacterial entry is underscored by the ability for recombinant 
rOmpB to competitively impede not only rOmpB-mediated E. coli 
association (Chan et al., 2009), but also R. conorii association with 
host cells (Y. G. Chan, unpublished data). The perturbation of this 
infection process can be elicited by the purified passenger domain 
(36–1334 aa), which additionally interacts directly with Ku70 (Chan 
et al., 2009). Although a previous study has proposed a putative 
role of the rOmpB β-peptide in adhesion (Renesto et al., 2006), 
these findings show that an effector region of this protein is in 
part contained within the passenger domain (Martinez et al., 2005; 
Chan et al., 2009).
rompa (sca0)
The rompA gene is found in several SFG rickettsial species but is 
absent in TG Rickettsia (Blanc et al., 2005). In R. rickettsii strain 
Sheila Smith, rompA encodes for a protein of 247 kDa, while in 
R. conorii Malish 7 rompA encodes for a protein of 224 kDa. The 
final predicted lengths of rOmpA alleles vary from species to spe-
cies, as is apparent in the disparate molecular weights of this protein 
between rickettsial strains. These differences are largely the result 
of variances in the number of tandem repeat sequences present 
within the passenger domain region of the protein (Eremeeva et al., 
2003; Ellison et al., 2008). While nothing is known about the func-
tion of these repeat regions, their presence and conservation in a 
diverse set of rickettsial species suggests a conserved function in 
this protein (Table 2).
In comparison to rOmpB, very little is known about the puta-
tive processing of rOmpA in rickettsial species. The predicted 
rOmpA β-peptides of various Rickettsia species are nearly identi-
cal (Table 2). While bioinformatic models predict that the rOmpA 
signal sequence from R. conorii is demarcated by amino acids 1–38 
(Emanuelsson et al., 2007), the identity of putative cleavage sites 
to release the passenger domain from the β-peptide is not known. 
Western  immunoblot  analyses  of  R.  conorii  detergent  soluble 
lysates with rOmpA antisera have illuminated a reactive species 
of approximately 190 kDa, approximately 34 kDa less than the 
predicted mass of the full-length protein (Hillman and Martinez, 
unpublished observations) and (Vishwanath, 1991); similar results 
were observed in the mobility of the R. rickettsii rOmpA protein 
Table 2 | rOmpA sequence identity amongst SFg Rickettsia.
Species  Protein name  Predicted  identity (%)1  Passenger domain  β-Peptide  
    molecular weight (Da)    identity (%)1,2  identity (%)1,2
R. conorii Malish7  Rc1273  203,329  –  –  –
R. rickettsii Sheila Smith  A1G_06990  224,371  82.2  79.7  98.0
R. massiliae MTU5  RMA_1296  196,976  81.4  78.9  95.3
R. siberica 246  ZP_00142612  175,675  78.8  75.3  98.7
R. africae ESF-5  YP_002845686  210,512  87.5  85.6  99.3
R. australis PHS  AF149108  208,910  50.1  43.9  86.1
1Identity percentages based on R. conorii Malish7 rOmpA as determined by amino acid alignment performed in MacVector with ClustalW function and a gap penalty 
of 10.0.
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rickettsial intra- and inter-cellular motility (Gouin et al., 1999; 
Haglund et al., 2010; Kleba et al., 2010). Comprehensive analy-
ses of R. parkeri Sca2 by Haglund et al. (2010) further endorse 
the function of this protein in actin-based motility, showing Sca2 
localization to actin-polymerizing surfaces of the bacteria, and 
demonstrating its in vitro capacity to polymerize actin monomers, 
and elongate filaments in a profilin-dependent manner. Together, 
these findings suggest that in the face of the limited genome size, 
rickettsial proteins may serve multiple pathogenic roles. Whether 
the invasion and actin-polymerizing functions of R. conorii Sca2 
are composed of two distinct domains or are contained within the 
same region of the polypeptide is under investigation.
putatIve rIckettsIal adhesIns
A biochemical approach whereby rickettsial proteins resolved by 
SDS–PAGE were examined for interaction with surface-biotinylated 
mammalian cell extracts has unveiled several potential rickettsial 
adhesins. In addition to the rOmpB β-peptide, rickettsial gene 
products of RC1281 from R. conorii and RP828, its homologue 
in R. prowazekii, were identified as putative interactors of cellu-
lar membrane proteins (Renesto et al., 2006). RC1281/RP828 is 
conserved and ubiquitously present in the genomes of Rickettsia 
species and is paralogous to the adjacent gene RC1282 in R. conorii, 
which is also similarly conserved and prevalent but was not identi-
fied in that screen. BLAST analyses of these genes show a low level 
of homology to other bacterial surface proteins, some which have 
adhesin and toxin functions. Balraj et al. (2009) have reported that 
antibodies generated against the recombinant proteins encoded by 
RC1281 and RC1282 reduce R. conorii infectivity of mammalian cell 
culture, suggesting they may be surface-exposed antigens. Further 
functional examination is required to validate the role of these 
proteins as rickettsial adhesins.
sca proteIns as vaccIne candIdates
The immune responses generated from a prior rickettsial infection 
are seen to be protective and detectible for years following an infec-
tion (Bengtson and Topping, 1942; Fox et al., 1957). This has led to 
a hypothesis that the Sca proteins will provide attractive targets for 
recombinant vaccine production. There is currently no preventa-
tive therapy available for protection against rickettsial pathogens 
and antibiotic treatment with broad-spectrum antibiotics such as 
doxycycline, tetracycline, or chloramphenicol is effective only when 
administered within the first week of symptom manifestation, thus 
relying on prompt and proper diagnosis. Rickettsiae also pose a 
great biodefense threat and have historically been researched and 
employed as biological weapons (Harris, 1992; Kelly et al., 2002; 
Croddy et al., 2005).
Throughout the last 60 years, researchers have been exploring the 
potential use of whole bacterial immunization procedures through 
various treatments of the pathogens to prevent disease while main-
taining the protective effects of exposure to the bacteria. Whole cell 
vaccines utilized in the early to mid-twentieth century against RMSF 
or typhus were comprised of formalin-fixed R. rickettsii or R. prow-
azekii isolated from ticks, embyronated chicken eggs, chick embryo 
fibroblasts, lice, or rabbit lungs. These vaccines failed to completely 
protect individuals from disease onset, but did reduce the severity 
of this protein in R. conorii, demonstrating that indeed Sca1 is 
exposed to the extracellular milieu (Riley et al., 2010). Interestingly, 
immunoblot analysis of R. conorii lysates with specific anti-Sca1 
antisera revealed that Sca1 in R. conorii appeared to be processed 
to an approximately 120 kDa mature protein from the predicted 
greater than 200 kDa polypeptide (Riley et al., 2010). This find-
ing complicates the historical assumption that rOmpB is the only 
antigenic protein at 120 kDa, since both the mature forms of Sca1 
and rOmpB migrate similarly by SDS–PAGE analyses.
The sca1 gene from R. conorii was expressed in E. coli and was 
demonstrated to be present in the outer membrane of these bacte-
ria. The presence of Sca1 in E. coli was sufficient to mediate attach-
ment to but not invasion of a panel of host cells (Riley et al., 2010). 
Finally, pre-incubation with a recombinant fragment of the Sca1 
protein blocked some rickettsial association with host cells (Riley 
et al., 2010). Together, these findings indicate that adherence and 
invasion are two distinct events that can be mediated through mul-
tiple rickettsial proteins. Examination of the relative contribution 
of the rickettsial Sca proteins to adherence, invasion, and other 
potential cellular processes will need to be examined further.
sca2
Sca2 is conserved and present in most SFG Rickettsia and either 
split or absent in TG species (Blanc et al., 2005; Haglund et al., 
2010). The gene encodes for an approximately 200–220 kDa protein 
that ranges from 80 to 95% identity among SFG species, exhibit-
ing the greatest conservation in the β-peptide and signal sequence 
(Ngwamidiba et al., 2005; Cardwell and Martinez, 2009). To date 
nothing is known about its potential processing and gene regula-
tion, although numerous studies have demonstrated the gene is 
expressed during infection of mammalian cells and the protein is 
presented at the rickettsial surface (Cardwell and Martinez, 2009; 
Haglund et al., 2010).
The contribution of Sca2 to bacterial entry was examined by 
heterologous expression in E. coli (Cardwell and Martinez, 2009). 
In this system, the R. conorii Sca2 protein sufficiently mediated 
bacterial association to and invasion of numerous non-phagocytic 
mammalian cell types, most notably primary human endothelial 
cell  lines,  which  are  major  targets  during  rickettsial  infection. 
Furthermore, competitive inhibition of both E. coli as well as 
R. conorii invasion mediated through Sca2 was achieved using the 
N-terminal half of the Sca2 passenger domain (34–794 aa), sug-
gesting this portion of the protein may be involved in mediating 
interactions with the host cell surface.
While Cardwell et al. were able to demonstrate a role for Sca2 in 
R. conorii entry (Cardwell and Martinez, 2009), new evidence has 
emerged indicating this may not be its sole function during infec-
tion of mammalian cell culture. In a recent transposon mutagenesis 
study, a R. rickettsii sca2 mutant was discovered and seen to exhibit 
a defect in actin-based motility (Kleba et al., 2010). Proteomic 
analyses of the N-terminal portion of the Sca2 passenger domain 
sequence elucidated motifs resembling those present in eukaryotic 
actin modulating proteins, including three actin-binding WASP 
homology 2 domains and a predicted secondary structure resem-
bling the formin homology 2 domain, suggesting a role for Sca2 
in producing the observed parallel actin bundles involved in SFG www.frontiersin.org  December 2010  | Volume 1  | Article 139  |  7
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protection, while those against LPS do not (Feng et al., 2004a). These 
findings led to the hypothesis that rOmpA and rOmpB could elicit 
protective immune responses in the host (Anacker et al., 1985, 1987; 
Li et al., 1988; Xu et al., 1997; Feng et al., 2004a); however, their roles 
as definitive protective antigens remain to be defined.
What may importantly be gleaned from these studies is that 
antibody recognition of single epitopes of single rickettsial antigens 
is potentially sufficient to neutralize rickettsial infection. In light of 
subsequent studies revealing the humoral immune-recognition of 
other high molecular weight Scas, including Sca1, Sca2, and Sca4 
(Schuenke and Walker, 1994; Uchiyama et al., 1996; Uchiyama, 
1997, and our unpublished data), it cannot be ruled out that the 
protective antibody responses attributed to rOmpA and rOmpB 
might also be associated with other less characterized rickettsial 
antigens. Notably, the humoral responses generated from a prior 
rickettsial infection have been seen to be long-lived and can be 
detected years following an infection (Bengtson and Topping, 1942; 
Fox et al., 1957). Though the robustness and longevity of anti-rick-
ettsial humoral immunity must be examined in greater depth, these 
observations reasonably support the case that a vaccine comprised 
of one or more rickettsial antigens could be potentially efficacious. 
Further interrogation into the underlying features of rickettsial 
antigens necessary to elicit protective immunity is warranted.
perspectIve
Exploration of the contribution of various conserved Sca outer 
membrane proteins have led to the current model of rickettsial 
invasion of host cells (Figure 3). An overlapping but distinct set 
of proteins mediate adherence and/or invasion of these pathogens. 
These multiple interactions contribute to activation of an array of 
signaling pathways that ultimately recruit actin to the entry focus 
and result in uptake of the invasive Rickettsia. Undoubtedly, this 
model of invasion does not represent a complete picture of the host 
and bacterial factors involved in the entry process. However, the 
currently defined interactions serve as primary targets for thera-
peutics. Through detailed biochemical and genetic analyses these 
host–pathogen interactions may be inhibited, thus resulting in a 
loss of bacterial invasion and death of the pathogen.
A fact to be noted is the extraordinary amount of effort and 
creativity that was put into the above described research. The 
development of methods for selective deletion of rickettsial genes 
(Driskell et al., 2009) allows for direct examination of the contri-
bution of adherence and invasion genes on pathogenesis of these 
bacteria. As it appears that many different rickettsial proteins con-
tribute to invasion of host cells (Li and Walker, 1998; Renesto et al., 
2006; Uchiyama et al., 2006; Cardwell and Martinez, 2009; Chan 
et al., 2009; Riley et al., 2010), it seems plausible that any single 
gene encoding these functions may be successfully deleted. These 
analyses will provide great insight into rickettsial diseases includ-
ing the relative contribution of each protein to pathogenesis, their 
roles in disease progression or resolution, potential organ tropism, 
stimulation of host cellular signaling, and so forth. Determination 
of rickettsial factors and host proteins involved in Rickettsia inter-
actions with target cells will provide valuable information both 
into the pathogenic process and also serve as prime targets for 
interventional therapy.
of the symptoms and facilitated an expedited response to antibiotic 
therapy (DuPont et al., 1973; Kenyon et al., 1975; Oster et al., 1977; 
Clements et al., 1983). Live attenuated strains of R. prowazekii (Madrid 
E and ∆pld) and R. rickettsii (Iowa) exist and have been demonstrated 
to be protective in vivo in animal models (Cox, 1941; Fox et al., 1957; 
Ellison et al., 2008; Driskell et al., 2009), and in the case of the R. prow-
azekii E strain, in human subjects as well (Fox et al., 1954, 1957).
Since CD8
+ T lymphocytes play a crucial role in the anti-  rickettsial 
adaptive immune response and are critical effectors against intrac-
ellular infections, anti-Rickettsia vaccine development has focused 
heavily on understanding how to optimally stimulate cell-mediated 
immunity. Numerous studies have elucidated regions of rompA and 
rompB in DNA immunizations that exhibit the capacity to prime 
T cells for INF-γ production and cellular proliferation in response 
to stimulation with formalin-fixed rickettsial antigen preparations 
(Crocquet-Valdes et al., 2001; Diaz-Montero et al., 2001; Li et al., 
2003). Although these regions are able to activate these requisite 
cell-mediated mechanisms in vitro, their protective effects in vivo 
have been limited. In these studies, complete protection of mice 
was achieved only with a combination of DNA/protein vaccina-
tions (Crocquet-Valdes et al., 2001; Diaz-Montero et al., 2001). 
Interestingly, adoptive transfer of CD8+ T cells from mice sub-
lethally infected with R. conorii or R. typhi into naïve mice, fully 
protects mice against lethal homologous and heterologous rickett-
sial challenge (Valbuena et al., 2004), showing that effective priming 
of T lymphocytes can independently afford complete protection. 
Notably, the protection afforded by T lymphocytes was shown to 
be cross protective against divergent SFG and TG rickettsiae.
Humoral responses are believed to play a minor role in immune 
clearance of primary rickettsial infections, but instead contribute as 
a protective mechanism against re-infection. Several studies in mice 
and guinea pig animal models have examined the time-course of 
anti-SFG rickettsial antibody production in relation to disease reso-
lution in sub-lethal rickettsial challenges, and determined that the 
antibody response matures after the primary infection has resolved, 
suggesting that the contribution of humoral immunity is in the pre-
vention of secondary rickettsial infections (Lange and Walker, 1984; 
Feng et al., 2004a). Despite the minor role antibodies might play in 
resolving a primary rickettsial infection, anti-rickettsial antibodies 
have been demonstrated to perturb disease progression (Topping 
Norman, 1940; Anigstein et al., 1943; Feng et al., 2004a). Evidence 
from numerous studies indicate that antibodies against TG and SFG 
rickettsia species can facilitate bacterial clearance both in vivo and   
in vitro (Topping Norman, 1940; Anigstein et al., 1943; Gambrill 
and Wisseman, 1973; Beaman and Wisseman, 1976a,b; Lange and 
Walker, 1984; Anacker et al., 1985, 1987; Li et al., 1988; Keysary 
et al., 1989; Feng and Walker, 2003; Feng et al., 2004a,b). Humoral 
responses to live SFG rickettsial immunizations generate antibodies 
that specifically recognize high molecular weight rickettsial antigens 
(115–200 kDa), believed to be rOmpA and rOmpB based on SDS–
PAGE migration, as well as protease-resistant species thought to be 
lipopolysaccharide (LPS) (Anacker et al., 1985; Li et al., 1988; Xu et al., 
1997; Feng et al., 2004a). Characterization of monoclonal antibodies 
produced from these live rickettsial immunizations in various pas-
sive transfer studies have revealed that only a subset of antibodies 
recognizing epitopes belonging to the high molecular proteins afford Frontiers in Microbiology  |  Cellular and Infection Microbiology    December 2010  | Volume 1  | Article 139  |  8
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